Upon breaching of the endometrial surface epithelium, the implanting embryo embeds in the decidualizing stroma. Retinoic acid (RA), a metabolite of vitamin A, is an important morphogen during embryonic and fetal development, although the role of the RA pathway in the surrounding decidual cells is not understood. Here we show that decidual transformation of human endometrial stromal cells (HESCs) results in profound reprogramming of the RA signaling and metabolism pathways. Differentiating HESCs downregulate the intracellular carrier proteins CRABP2 and FABP5, responsible for transfer and binding of RA to the nuclear receptors RAR and PPARβ/δ, respectively. Furthermore, the expression of RAR, the receptor that mediates the pro-apoptotic effects of RA, was also inhibited. By contrast, PPARβ/δ, which transduces the differentiation responses of RA, was upregulated. Decidualization was also associated with increased expression of retinol-binding protein 4 (RBP4) and various enzymes involved in the metabolism of RA and its precursor, retinaldehyde (Rald), including CYP26A1, DHRS3, and RDH12. Exposure of differentiating HESCs to RA or Rald reversed the inhibition of the CRABP2-RAR pathway, perturbed the expression of decidual marker genes and triggered cell death. Taken together, the data demonstrate that decidualizing HESCs silence RA signaling by downregulating key cytoplasmic binding proteins and by increasing retinoid metabolism. However, excessive RA exposure is toxic for decidual cells and triggers a response that may lead to pregnancy failure.
Introduction
Decidualization denotes the transformation of endometrial stromal cells into specialized decidual cells that provide the nutritive and immune-privileged matrix for embryo implantation and placental formation [1] . Perturbed decidualization is associated with reproductive failure, including recurrent miscarriage [2] [3] [4] . Recently, several co-culture studies PLOS ONE | DOI:10.1371/journal.pone.0173035 March 2, 2017 1 / 13 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
reported that decidualizing human endometrial stromal cells (HESCs) serve as biosensors of embryo quality at implantation [2, 5, 6] . In parallel with the typical morphological changes, differentiating HESCs express a number of decidual markers, including prolactin (PRL), insulin-like growth factor-binding protein-1 (IGFBP-1) and 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1), the enzyme that converts inert cortisone into active cortisol [7] [8] [9] . Consequently, decidualization results in local cortisol production and activation of the glucocorticoid receptor (GR) and mineralocorticoid receptor (MR), which are both expressed in HESCs [7] . We have previously shown that MR targets and transcriptionally regulates several genes involved in retinoid metabolism in differentiating HESCs [7] . These observations indicated that decidualization may alter the retinoic acid (RA) pathway in HESCs.
Retinoids comprise a large family of versatile vitamin A (retinol) derivatives that regulate multiple cellular functions and confer immune tolerance [10, 11] . Retinoids, and more specifically the most active metabolite all-trans retinoic acid (atRA), are essential for visual function, adipocyte metabolism, reproduction and tissue homeostasis in various organs [12, 13] . In pregnancy, atRA acts as a critical morphogen for neural differentiation, body axis formation, and organogenesis in the developing embryo. Excessive levels are however toxic, necessitating tight regulation of transfer of maternal retinoids to fetus via the placenta [14, 15] . Retinol is generally acquired as provitamin A in the form of carotenoids, synthesized in leafy and yellow vegetables [16] . Most retinoids are stored as retinyl esters in inert retinoid containing lipid droplets in liver and adipose tissue [17, 18] . Retinol, hydrolyzed from retinyl ester, is transported to target tissues bound to retinol binding proteins (RBPs) or albumin. RA is then formed enzymatically from retinol by a two-step oxidation process in which the generation of retinaldehyde (Rald; also known as retinal) is followed by conversion of Rald in RA [10, 17, 19] . RA regulates gene expression by activating several members of the nuclear receptor family of transcription factors, including retinoic acid receptors (RARs) and peroxisome proliferator-activation receptor (PPAR) β/δ. Depending on preferential activation of PPAR β/δ or RAR, RA promotes cellular differentiation and survival or induces cell cycle arrest and apoptosis, respectively. This partitioning of the transcriptional RA response is tightly regulated by two intracellular lipid-binding proteins: cellular retinoic acid-binding protein 2 (CRABP2) and fatty acid-binding protein 5 (FABP5). Binding of RA to CRABP2 in the cytoplasm promotes its nuclear translocation and delivers RA to RAR, which leads to hetero-dimerization with retinoid X receptor (RXR) and activation of genes involved in cell cycle arrest and apoptosis. By contrast, FABP5 delivers RA to PPAR β/δ, which in turn promotes cellular differentiation [20] [21] [22] . Cytochrome P450 26A1 (CYP26A1), a protein encoded by CYP26A1, metabolizes RA, rendering it a key regulator of cellular RA levels. However, excess levels of Rald are also cytotoxic [23] . Rald is converted to retinol in the cytoplasm by members of the family of short-chain dehydrogenases/reductase (SDR), including dehydrogenases/reductase 3 (DHRS3, also known as retinal SDR1) and retinol dehydrogenase 12 (RDH12) [17, 24, 25] , and then exported out of the cell by binding to retinol binding protein 4 (RBP4) [17, 26] .
Evidence from several mammalian species, including humans, suggests that the RA pathway is highly regulated in the endometrium during the window of implantation and early pregnancy [7, 27, 28] . However, a detailed analysis of this pathway is as yet lacking. In this study, we have examined the expression of key components in RA signaling and metabolism in decidualizing HESCs, a model system that closely recapitulates the in vivo changes in the stromal compartment during luteal phase of the cycle.
Materials and methods

Patient selection and endometrial biopsy
This study was approved by the local ethical committee of Juntendo University, Faculty of Medicine (No.14-103). Endometrial tissue samples were obtained following informed written consent. Biopsies were obtained from premenopausal women without overt uterine pathology and not receiving hormonal therapy or infertility treatment in the Department of Obstetrics and Gynecology of Juntendo University Hospital (Tokyo, Japan). Endometrial biopsies were timed between 7 to 11 days after the pre-ovulatory luteinizing hormone surge by using an endometrial suction curette TM (MX140, Fuji Medical, Tokyo, Japan). The biopsies were processed for primary cell culture.
Primary human endometrial cell culture
Endometrial tissues were collected in Dulbecco's modified Eagle's medium (DMEM; 085456, Nacalai Tesque, Kyoto, Japan) containing 1% antibiotic solution. The tissue were finely minced and enzymatically digested with 5 mg collagenase (5 mg / 100 μl) (C9891, SIGMA, Saint Louis, USA) and deoxyribonuclease (DNase) type I (100 μg / μl) (11284932001, Roche Applied Science, Mannheim, Germany) for 1h at 37˚C. After centrifugation, the pellet was suspended in cultured medium of DMEM containing 10% dextran-coated charcoal (DCC) treated fetal bovine serum (FBS; 172012, SIGMA, Saint Louis, USA), 1% antibiotic solution, 1% L-glutamine. HESCs were cultured until confluence in 75 cm 2 . A previous study showed that atRA at a concentration of 10 −8 M or higher inhibits decidualization of HESCs [30] . Therefore, we use atRA at 10 −8 to 10 −11 M and atRald at 10 −8 M in the current study. The compounds and treated samples were protected from light in line with the manufacturer's instructions. Inactive cortisone (E) was added to decidualizing cell cultures as the substrate for endogenous conversion to active cortisol by 11βHSD1 [7] .
Real-Time Quantitative PCR (RTQ-PCR)
Total RNA was extracted from primary cell cultures with RNeasy plus mini kit (741134, QIA-GEN, Hilden, Germany). And complementary DNA was generated using the SuperScript II Reverse Transcriptase for RT-PCR kit (18064, Invitrogen Ltd. Life technology, California, USA). Template quantification was performed with 7500 fast real-time PCR system (4351106, Applied Biosystems, Forster City, USA) using power fast SYBR Green Master Mix (4385612, Applied Biosystems, Forster City, USA) as dye layer and the relative standard curve calculation method. RNA input variances were normalized against the levels of L19 housekeeping gene, which encodes a ribosomal protein. All measurements were performed in duplicate. Specific primer pairs were designed using primer 3 software (http://frodo.wi. 
Western blot analysis
Whole-cell protein extracts were obtained by direct lysis in SDS sample buffer heated to 75˚C. Proteins resolved by SDS-PAGE were transferred to a polyacrylamide membrane (Bio-rad laboratories, Calfornia, USA.) and probed with antibodies raised against 11βHSD1 
Cell proliferation and viability assay
Real-time adherent cell proliferation in HESCs were determined by the label-free xCELLigence Real-Time Cell Analyzer (RTCA) DP system (Roche Diagnostics, Basel, Switzerland) as described in previous literature [31] . Briefly, HESCs were cultured in 10% DCC-FBS until 80% confluent into 16-well plates, containing an interdigitized gold microelectrode (E-plate-16; Roche Diagnostics, Basel, Switzerland) on which cells attach and proliferate. Cell contact acts to increase impedance across the gold electrodes and is reported as an arbitrary "cell index" value, which is an indication of confluency and adherence. The RTCA DP instrument was placed at 37˚C in a humidified environment with 95% air and 5% CO 2 and individual wells within the E-plate-16 were monitored first every 15 min for 3 h and then hourly for 60 h. Changes in cell index were captured and analyzed using the RTCA Software v1.2. Cellular viability was determined by the cell's ability to reduce tetrazolium salts (XTT) into colored formazan compounds by mitochondrial enzymes. XTT detection solution (50 μl) was added to 100 μl of cultured cells in a 96 well format. The plate was incubated at 37˚C for 4 hours. Dye absorbance was measured at 450 nm on the PHERAStar FS microplate reader (BMG Labtech, Offenburg, Germany).
Statistical analysis
Data presented in this study are representative of four or more biological replicates. Statistical analysis was performed using one-way analysis of variance (ANOVA) and Student's t test or Mann-Whitney U test after normalization of the data with SPSS software. The level of significance was defined as P < 0.05.
Results
Expression of intracellular RA binding proteins and receptors in undifferentiated and decidualizing HESCs
Cellular sensitivity to RA is primarily determined by its subnanomolar affinity for the intracellular binding proteins CRABP2 and FABP5, which deliver RA directly to its cognate nuclear receptors [20] [21] [22] . The expression of these binding proteins was examined in undifferentiated primary HESCs and cells decidualized for 8 days in the presence or absence of atRA or atRald. Parallel cultures were harvested for CRABP2 and FABP5 expression levels measured by RTQ-PCR and Western blot analysis. As shown in Fig 1a, CRABP2 and FABP5 transcript levels declined by 63% and 65% in the cells decidualized for 8 days, respectively. In fact, downregulation of these binding proteins at mRNA level was also already apparent after 4 days of decidualization and maintained over a 12-day time-course (S1 Fig) . Western blot analysis in undifferentiated HESCs and cells decidualized for 8 days revealed that loss of CRABP2 protein was more pronounced when compared to FABP5. Interestingly, co-treatment of decidualizing cells with atRA or atRald completely reversed the down-regulation of CRABP2 but not FABP5 (Figs 1a and 2a) . The data show that the relative expression of these critical intracellular lipidbinding proteins changes upon decidualization in favor of FABP5. However, in the presence of atRA or atRald, the balance is reversed, rendering CRABP2 the dominant cytoplasmic RA binding protein. The RA-responsive nuclear receptors, RAR and PPARβ/δ, form heterodimers with RXR, leading to activation of distinct transcriptional networks. Upon decidualization, RARα declined significantly at both mRNA (Fig 2a and S1 Fig) and protein level (Fig 2b and S2 Fig) . In parallel, we observed a reduction in RXRα protein but not mRNA level (Fig 2) . PPARβ/δ levels increased markedly upon decidualization. Co-treatment of decidualizing cultures with atRA and atRald, reversed the decrease in RARα expression whereas the induction of PPARβ/δ was unaffected (Fig 2a and S2 Fig) .
Taken together, the relative loss of CRABP2 and FABP5 expression upon decidualization of HESCs suggests that the cells become relatively resistant to atRA signaling. In addition, the predominance of PPARβ/δ in differentiating HESCs suggests a potential role for this signaling pathway in the regulation of decidual genes. However, exposure of decidualizing cells to atRA or atRald completely reverses these changes and establishes a dominance of the CRABP2-RAR pathway.
Induction of retinoid metabolizing genes in decidualized HESCs
DHRS3 acts as a retinal reductase that converts Rald into retinol [17, 24, 25] . Decidualization was associated with a marked increase in DHRS3 expression, both at mRNA and protein level (Fig 3 and S2 Fig) . Exogenous atRald but not atRA significantly enhanced the induction, at least at transcript levels. Decidualization was also associated with a strong upregulation of RDH12, although the induction was blunted when the cultures were exposed to atRA and atRald (Fig 3 and S2 Fig) . The retinol binding protein RBP4 and the RA metabolizing enzyme CYP26A1 were upregulated upon decidualization. Co-treatment of the decidualizing cultures with atRA and atRald markedly enhanced the induction of RBP4 but not CYP26A1 (Fig 3 and  S2 Fig) .
RA inhibits decidualization
The profiling of key components in RA signaling pathway and retinoid metabolism indicate that decidualizing cells actively limit RA signaling by down-regulating cytoplasmic binding proteins and by increasing metabolism of RA and its precursor Rald. We also demonstrated that this reprogramming of the RA pathway is reversed upon co-treatment with atRA or atRald. To test the consequences of RA signaling in differentiating HESCs, primary cultures were decidualized in the presence of increasing concentrations of atRA, ranging from 10 −11 to 10 −8 M. In addition, some cultures were treated with atRald (10 −8 M). As shown in Fig 4a, atRA inhibited the expression of key decidual marker genes, PRL, IGFBP1 and HSD11B1 (coding 11βHSD1), in a dose-dependent manner. However, the reduction in PRL and IGFBP1 transcripts was only significant upon treatment with 10 −9 M RA whereas inhibition of HSD11B1 repression seemed more effective upon treatment with 10 −8 M atRald than with atRA at the same concentration (Fig 4) . Because exposure to retinoids upregulates the CRABP2-RAR pathway in decidualizing cells, we postulated that treatment of decidual cells with either atRA or atRald would trigger cell death and block expansion of decidual cultures. To test this hypothesis, cellular viability and real-time cell proliferation were measured by an XTT assay and a label free xCELLigence Real-Time Cell Analyzer (RTCA), respectively. Cellular viability was reduced by 42% in the presence of 10 −8 M atRA and 80% in the presence of atRald (Fig 5a) . Furthermore, treatment with either atRA or atRald negatively impacted on the expansion of decidualizing HESCs (Fig  5b) . The detrimental effect of atRald on HESCs proliferation was more pronounced when compared to atRA after 60 hours of monitoring (Fig 5b) .
Discussion
Decidual cells play a crucial role in ensuring survival of an implanting embryo by providing protection against a variety of environmental stressors and cytotoxic agents [1] . For the developing embryo and fetus, retinoids are essential but also potentially teratogenic. Here we report that the RA pathway, as depicted in Fig 6, is profoundly altered upon decidualization, exemplified by: (i) decreased expressions of RA binding protein, CRABP2 and FABP5; (ii) down-regulation of RARα but induction of PPARβ/δ; (iii) strong induction of DHRS3 and RDH12, enzymes involved in conversion of Rald to retinol; and (iv) induction of the catabolizing enzyme CYP26A1 and up-regulation of the retinol transporter RBP4. Taken together, the data suggest that decidualization attenuates cellular RA signaling and rebalances the downstream RA-responsive nuclear receptors in favor of PPARβ/δ. In the rat uterus, PPARβ/δ is highly expressed at implantation sites [27] , suggesting a role RA-dependent PPARβ/δ activation during decidualization. However, we found no evidence that atRA, even at very low concentrations, enhances HESC differentiation, at least not when assessed by the induction of highly responsive decidual marker genes (PRL, IGFBP1 and HSD11B1). At higher concentrations, atRA, as well as atRald, re-establishes the dominance of the CRABP2-RARα pathway in decidualizing cells, which in turn inhibited the expression of decidual markers and compromised cell viability. This observation is agreement with another study demonstrating that CRABP2 knockdown increases survival of HESCs [32] . Further, the lower ratio of CRABP2:FABP5 in ectopic endometrial cells has been implicated in the resistance of endometriotic lesions to apoptosis [32] .
DHRS3 and RDH12 are members of the SDR family and convert Rald to retinol. Both enzymes are induced upon decidualization. However, exposure of decidualizing HESCs to atRA or atRald attenuated the upregulation of RDH12 but had no effect on the induction of DHRS3, at least not at protein level. RDH12 protects against atRald toxicity through its oxidation to all-trans retinol [33, 34] . However, RDH12 can simultaneously catalyze 11-cis retinol to 11-cis Rald [25] . DHRS3, which is also known as lipid droplet protein, induces storage of retinoids as cellular retinyl esters, contributing to protection from local RA or Rald toxicity [24, 35, 36] . DHRS3 has been shown to play and important role in suppression of RA signaling in embryos [36] . Furthermore, RBP4, which is highly upregulated in decidualizing cells exposed to atRA or atRald, binds not only retinol but also Rald directly [23] . Together with the induction of CYP26A1, a major RA-catabolizing enzyme, these observations indicate that decidualizing HESCs employ several mechanisms to control precisely cellular concentrations of bioactive retinoids. Several studies have highlighted the importance of the RA pathway at implantation. For example, flushing of the mouse uterus with conditioned medium of human pre-implantation IVF embryos that subsequently implanted successfully resulted in strong induction of Cyp26a1 and Rdh12 and marked down-regulation of Crabp2 [6] . In contrast to successful embryos, conditioned medium from developmentally impaired human embryos failed to modulate the expression of these genes in the mouse uterus [6] . Another study demonstrated that uterine injection of cyp26a1-specific antisense oligos or anti-cyp26a1 antibody on day 3 of pregnancy blocks implantation in mice [37] . Furthermore, several genes encoding intermediates in the RA pathway, including CRABP2, DHRS3, RARRES1 and RARRES3, feature on the endometrial receptivity array (ERA), which was designed to discriminate between a receptive and nonreceptive endometrium in women undergoing IVF treatment [38] . Finally, recurrent miscarriage has been linked to aberrant endometrial expression of CRABP2 during the window of receptivity [39] . Taken together, these reports indicate that the changes in primary decidualizing HESCs reflect the reprogramming of the RA pathway in the endometrium at implantation. However, additional studies are needed to examine the regulation of this pathway in endometrial epithelial cells.
Conclusion
Decidual transformation of the endometrium is associated with wholesale reprogramming of both retinoid signaling and metabolism pathways. This reprogramming suggests resistance to RA and Rald signaling. However, decidual cells remain exquisitely sensitive to exogenous RA and Rald and mount a response that may increase the risk of early pregnancy failure but also decreases the likelihood of congenital abnormalities. 
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